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a b s t r a c t
Pf1-like bacteriophages (family Inoviridae) of Pseudomonas aeruginosa can contribute to bacterial short
term evolution and virulence. Here we examine Pf1-like (pro)phage diversity and prevalence among
different P. aeruginosa isolates. Pf1-like prophages in sequenced genomes of P. aeruginosa were analyzed
and grouped into four clades: Pf4, Pf5, Pf7 and Pf-LES. P. aeruginosa strains (n¼241) were screened for
the presence of universal (primers PfUa and PfUb) and speciﬁc Pf1-like genetic elements (Pf1, Pf4 and
Pf5). More than half of the strains contained at least one Pf1-like genetic element (60%); universal
elements were detected in 56% of the strains, Pf4 in 22%, Pf1 in 18% and Pf5 in 7%. Infectivity experiments
conﬁrmed that strains yielding PCR products with either universal or Pf4 speciﬁc primers can release
infective virions. Based on the high prevalence of Pf1-like (pro)phages, it is necessary to further examine
their involvement in P. aeruginosa virulence.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Over the last decade, Pseudomonas aeruginosa has been recog-
nized as one of the most common opportunistic human pathogens
and one of the major nosocomial pathogens. This bacterium is an
etiological agent of various infections, including urinary tract
infections, lung infections in patients suffering from cystic ﬁbrosis
(CF), wound infections, periodontitis and prostatitis (Pitt and
Simpson, 2006). P. aeruginosa displays an extreme level of resis-
tance toward antimicrobial agents, in part due to various efﬁcient
mechanisms, such as an attached mode of growth in the form of a
bioﬁlm (Lister et al, 2009; Høiby et al., 2010).
Because the above infections are a global health concern, P.
aeruginosa bacteriophages have been extensively examined, predomi-
nantly as alternative antimicrobial agents. The most widely studied P.
aeruginosa phages belong to the order Caudovirales, since these phages
fulﬁll the requirements established for phage therapy (Hertveldt and
Lavigne, 2008). Other P. aeruginosa speciﬁc phages not assigned to this
order have been examined to a lesser extent, although they can
contribute substantially to the mobile DNA content of their bacterial
host, inﬂuencing short-term evolution and host variability (Ventura
et al, 2006). This is particularly important from a bacterial virulence
perspective. Indeed, phage can affect bacterial genotype and pheno-
type by horizontal gene transfer and lysogenic conversion, enhancing
virulence of pathogenic bacteria (Little, 2005).
The number of bacterial genome sequences has been dramatically
increasing, enabling improved understanding of prophage genome
characteristics and evolution. Many phage-like elements, incomplete
or complete (pro)phages, have been identiﬁed in a wide range of
bacteria to date, including P. aeruginosa. A particularly interesting but
insufﬁciently examined family of P. aeruginosa phages belongs to the
family Inoviridae. These phages have a ﬁlamentous morphology, adhere
to bacterial pili, possess ssDNA, establish cell infectionwithout lysis and
release from the bacterial cell via extrusion (Hertveldt and Lavigne,
2008). There are three recognized species infecting Pseudomonas
aeruginosa in this family: Pf1, Pf2 and Pf3 (King et al, 2012). Neither
Pf1 nor Pf3 integrate their genomes in bacterial chromosomes but they
are substantially different; the corresponding data for Pf2 phage have
not been reported. It was recently shown that some P. aeruginosa
strains possess Pf1-like prophages integrated into their genomes. For
instance, phages from the strains PAO1 and UBCPP-PA14, designated as
Pf4 and Pf5 respectively, are intact and the existence of replicative
forms in these strains has been conﬁrmed (Webb et al, 2004; Rice et al,
2009; Mooij et al, 2007). Pf4 and Pf5, along with prophages Pf7 from
strain PA7 and Pf-LESB58 from strain LESB58, are included in a list of
inoviruses that may be members of the genus but have not yet been
conﬁrmed as a species (King et al, 2012).
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/yviro
Virology
http://dx.doi.org/10.1016/j.virol.2015.04.008
0042-6822/& 2015 Elsevier Inc. All rights reserved.
☆GenBank[/EMBL/DDBJ] accession numbers for Pseudomonas aeruginosa Pf1-like
(pro)phage partial sequences reported in this paper are: KM975442-KM975473.
n Corresponding author. Fax: þ381 21450620.
E-mail address: petar.knezevic@dbe.uns.ac.rs (P. Knezevic).
Virology 483 (2015) 64–71
Phages from the family Inoviridae may carry extra genes and can
adapt their adsorption speciﬁcities to new hosts. Interestingly, they can
be mobilized in alternate capsids, and the physicochemical nature of
DNA packaging can evolve to adapt to new environments (King et al,
2012). In addition to their role in lateral gene transfer, different phage
gene products are toxic to humans: for example cholera toxin of Vibrio
cholerae encoded by the ﬁlamentous phage CTXϕ (Faruque and
Mekalanos, 2012). The role of inoviruses in bacterial virulence has been
proposed in many other bacteria, including meningococci (Bille et al,
2005), Escherichia coli O18:K1:H7, Yersinia pestis biovar orientalis
(Gonzalez et al, 2002) and Ralstonia solanaccearum (Yamada, 2013),
among others. Similarly, Pf1-related P. aeruginosa inoviruses have been
examined, and a direct role in the bioﬁlm life cycle of P. aeruginosa has
been reported. Pf1-related pages are reportedly involved in both cell
death and lysis (Webb et al, 2003, 2004), with upregulated phage genes
in dispersed cells (Sauer et al, 2004). Deletion of Pf4 in PAO1 results in
reduced bioﬁlm formation (Rice et al., 2009), and phage concentrations
are 100–1000-fold greater in liquid surrounding the bioﬁlm than in
planktonic culture ﬂuid (Whiteley et al, 2001). Pf1-like phagesmay be an
important factor mediating the formation of small-colony variants
(SCVs); a higher abundance of Pf4 phage during the dispersal phase of
the bioﬁlm life cycle correlates with the appearance of SCVs (Webb et al.,
2003, 2004) and no SCVs were detected in the efﬂuent from bioﬁlms
made by Pf4 phage-deﬁcient PAO1 mutant (Rice et al 2009). In addition,
overexpression of Pf1-like phage receptors (type IV pili) correlates with
SCVs (Haussler et al, 2003; McElroy et al, 2014). However, Wei et al.
(2011) found that Pf4 phage expression is reduced in PAO-SCV while
Mooij et al. (2007) failed to ﬁnd any relationship between Pf5 phage
infection and SCVs. Platt et al. (2008) determined that Pf1 genes are
upregulated under conditions of reduced oxygen, suggesting their
possible importance in CF-associated lung infections. Finally, PAO1
mutants lacking Pf1-like phage exhibit decreased virulence in vivo, while
the lifespan ofmice infectedwith isogenic wild type PAO1 is signiﬁcantly
shorter (Rice et al, 2009).
In light of the above, the goal of the present study was to
examine the diversity and prevalence of universal and speciﬁc
genetic elements of Pf1-like (pro)phage among various P. aerugi-
nosa strains.
Results and discussion
The total of 34 completely sequenced P. aeruginosa chromosomes
available in the NCBI database provide some insight into the diversity
and prevalence of Pf1-like (pro)phages. Of these sequences, only eight
strains are not predicted by PHAST to possess elements similar to Pf1-
like (pro)phages (Table 2). In addition to already known profages of
PAO-1, UBCPP-PA14, LESB58 and PA7, seven strains possess prophages
recognized as intact: PAO581, MTB-1, PA38182, SCV20256, PA96, PAO1-
VE13 and PAO-VE2. Prophages of other strains, as well as a prophage of
PA96 (here designated as Pf-PA96B), are questionable, and the phage of
PAO1H2O was unrecognized by the PHAST, presumably because it
contains a long stretch of undetermined nucleotides in the Pf1-like
prophage region. M18, YL84 and PA96 possess two Pf1-like prophages
in their genomes. Other strains were not considered in the present
phylogenetic analysis because they possess identical phages with
strains already included in the phylogram: strains PAO1-VE13 and
PAO-VE2 possess prophages identical to Pf4 and all LES strains shown
in Table 2 possess identical prophages present in strain Pf-LES58, which
was considered to be a representative prophage. There are also two
sequences in the databases which correspond to Pf1-like prophages:
one is incorrectly designated as a ‘Pf1 prophage’, but which is actually a
sequence of a Pf5 prophage in the UBCPP-PA14 genome and a sequence
of an MPAO1 substrain of PAO1, labeled as an insertion RGP42 (here
designated as Pf-MPAO1). The sequence of the P. aeruginosa MA
genomic island (Access no. CR848688.1) also contains Pf1-like genomic
elements, but was recognized by PHAST as an incomplete prophage
and was thus not taken into consideration. Based on phylogenetic
analysis of a whole-genome alignment of 18 Pf1-like prophages (Fig. 1),
four different clades are evident: (1) the Pf4 clade, containing pro-
phages of strains PAO1, c7447m and PAO581; (2) the Pf5 clade,
containing prophages of strains UCBPP-PA14 and SCV20265; (3) the
Pf7 clade, containing prophages detected in PA7, MPAO1, PA38182,
MTB-1 as well as phage Pf1; and (4) the Pf-LESB clade, containing the
prophages of LES strains, two prophages of M18, PA96 and YL84, and a
prophage of strain B136-33.
The number of publically available complete P. aeruginosa
sequences is still limited, and does not provide complete insight
into the prevalence of Pf1-like (pro)phage genetic elements among
P. aeruginosa strains. Moreover, Pf1 phage do not integrate into the
bacterial genome and cannot be revealed by bacterial genome
analysis. Therefore, to determine Pf1-like (pro)phage elements,
universal and speciﬁc Pf1-like primer pairs were used to examine
241 P. aeruginosa strains.
General prevalence of Pf1-like (pro)phages determined using a PfUa
primer pair
The primer pair PfUa, designated in the original reference as
PfU (Mooij et al, 2007), was previously reported as universal for
Pf1-like (pro)phages and targets part of a gene which is homo-
logous to the zonula occludens toxin (zot) gene of Vibrio cholerae.
In silico, the primers give products only for prophages from the Pf4
clade, as well as SCV20265, PA7 and MPAO1, but not for UCBPP-
PA14 (Table 2). However, Mooij et al (2007) state that the sequence
of UCBPP-14 was used for the design of PfUa. Using the PfUa
primer pair, 41% of the tested strains gave corresponding products,
in agreement with results (44%) obtained by Mooij et al. (2007). In
contrast, Finnan et al. (2004) conﬁrmed Pf1-like prophages in 13
out of 16 examined CF related strains (480%). However, the
primer pair used by Finnan et al. (2004) is not sufﬁciently
universal to detect all clades, and the number of examined strains
was limited, possibly biasing their results.
Table 1
Primers used in the study.
Primers Designation Sequence (50→30) Amplicon (bp) Reference
Universal Pf1-like PfUa-F GTGTCGATCAAGATCCACCA 872 Mooij et al., 2007
PfUa-R GGAGGAAGAAAGCTATTCGCA
PfUb-F TTGTGTACGACAGCGGGAA 569, 570, 593 or 1242 This study
PfUb-R TCAATTCGCCTTTTTCGGC
Speciﬁc Pf1 Pf1-F GTGCTTGTTGCCTTCGTTATTC 519 This study
Pf1-R GTGGAGCCTTTGACCAGATAG
Pf4 Pf4-F TCGAATTCCGCTTCCATCAC 1001 Mooij et al., 2007
Pf4-R CCTGATGCTTGGTCAGGTACG
Pf5 Pf5-F CGGGAATCGTATTGAGCCGA 440 This study
Pf5-R GAGGACAGCCAGGGTCATTC
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Development of a new universal pfUb primer pair to more accurately
determine Pf1-like (pro)phage prevalence
To more accurately assess the prevalence of Pf1-like (pro)phage
genetic elements, a universal primer pair designated as PfUb was
created for the present study. PfUb targets a prophage replication
module downstream of a gene for the helix-destabilizing protein.
Using in silico PCR, PfUb yields products with nearly all intact or
questionable prophages recognized by the PHAST algorithm. The only
exceptions are one of two questionable prophages in the genome of
M18, designated in the present study as Pf-M18B; and one of two
prophages of PA96 (Pf-PA96B), which contains a point mutation in the
annealing region of the reverse primer. However, the Pf-PA96B is
unique, not only because it is the only prophage which did not give
any product in silico, but also because its replication module is
interrupted by an IS3 element. Although Pf-PA96B is recognized by
PHAST as intact, it seems to be questionable because of the insertion.
The presence of IS can explained the lack of a PfUb-R annealing site,
since IS can result mutation accumulation in prophages (Mahillon and
Chandler, 1998). With all other prophages, the PfUb primer pair gives
products of various sizes, depending on the phage (Table 2 and Fig. 4
(a)). Although the size and sequence of the PCR products are strongly
correlated, there was poor agreement with the main clades obtained
for whole genome sequences, conﬁrming the modular nature of Pf1-
like prophage genomes. Phylogenetic analysis based on the primer
pair product sequences reveals two stable branches: one with
prophages which gives larger products (593 or 1242 bp) and another
which gives smaller PCR products (569 or 570 bp) (Fig. 3(b)).
Examining 241 strains of P. aeruginosa, the universal Pf1-like
sequences detected by either PfUa or PfUb primer were conﬁrmed
in 56% of strains. This indicates that more than half the strains were
infected with Pf1-like (pro)phages or at least possessed their corre-
sponding primer sequences (Fig. 2). These ﬁndings conﬁrm the
efﬁciency of our newly created PfUb primers, since this primer pair
Table 2
Pf1-like phage/prophage sequences available in GeneBank and in silico PCR products with primers used in the study.
Type of sequence Designation GeneBank access.
no.
Phage characteristics
Integrity according to PHASTa
(score)
Phage coordinates in host
genome
Genome size
(bp)
Product with Pf primers in
silico (bp)
PfUa PfUb Pf1 Pf4 Pf5
P. aeruginosa
genome
B136-33 NC_020912.1 Questionable (75) 4762518–4773445 10928 – 570 – – –
c7447m CP006728.1 Questionable (85) 785241–797676 12436 872 570 – 1001 –
DK2 NC_018080.1 None - - – – – – –
LESB58 NC_011770.1 Intact (107) 4545190–4555758 10569 – 593 – – –
LES400 CP006982.1 Questionable (85) 4533965–4544533 10569 – 593 – – –
LES431 NC_023066.1 Questionable (85) 4492432–4503000 10569 – 593 – – –
LESB65 CP006983.1 Questionable (85) 4470775–4481343 10569 – 593 – – –
LESlike1 CP006984.1 Questionable (85) 4451307–4461857 10569 – 593 – – –
LESlike4 CP006985.1 Questionable (85) 4468125–4478693 10569 – 593 – – –
LESlike5 CP006980.1 Questionable (85) 4485782–4496350 10569 – 593 – – –
LESlike7 CP006981.1 Questionable (85) 4440967–4451535 10569 – 593 – – –
M18A CP002496.1 Questionable (85) 5282004–5295044 13041 – 1242 – – –
M18B Questionable (75) 4757935–4768848 10914 – – – 1001 –
MTB-1 NC_023019.1 Intact (96) 5496318–5507987 11670 – 570 – – –
NCGM 1984 AP014646.1 None – – – – – – –
NCGM 1900 AP014622.1 None – – – – – – –
NCGM2.S1 NC_017549.1 None – – – – – – –
PA1 NC_022808.1 None – – – – – – –
PA1R NC_022806.1 None – – – – – – –
PA38182 HG530068.1 Intact (117) 6600280–6589196 11085 – 569 – – –
PA7 NC_009656.1 Intact (96) 5528485–5541417 12993 872 593 – – –
PA96A CP007224.1 Questionable (75) 5544932–5554481 9550 – 570 – – –
PA96B Intact (96) 5387362–5400817 13456 – – – – –
PAO1 NC_002516.2 Intact (117) 785311–797747b 12437b 872 570 – 1001 –
PAO1-VE13 CP006831.1 Intact (107) 797747–785311 12437 872 570 – 1001 –
PAO1-VE2 CP006832.1 Intact (107) 785311–797747 12437 872 570 – 1001 –
PAO1H2O CP008749.1 Unrecognized 785311–797747 12437 872 570 – 1001 –
PAO581 CP006705.1 Intact (107) 785189–797625 12437 872 570 – 1001 –
RP73 NC_021577.1 None – – – – – – –
SCV20265 NC_023149.1 Intact (96) 5656425–5642784 13642 872 570 – – 440
UCBPP-PA14 NC_008463.1 Intact (117) 4345126–4355800c 10675c – 570 – – 440
VRFPAO4 CP008739.2 None – – – – – - –
YL84A CP007147.1 Questionable (75) 2408040–2423964 15925 – 570 – – –
YL84B Questionable (75) 1861490–1873405 11916 – 569 – – –
Phage insertions MPAO1 GQ141978.1 Intact (117) 1–12066d 12066d 872 569 – – –
Pf1
prophagee
AY324828.1 Intact (117) 1–10675 10675 – 570 - – 440
Pf phage genomes Pf1 NC_001331.1 Intact (150) 1–7349f 7349f – 593 519 – –
a The PHAST server provides a completeness score obtained using three different methods and assigned to an identiﬁed prophage; If the region's total score is less than
70, it is marked as incomplete; if between 70 and 90, it is marked as questionable; if greater than 90, it is marked as intact (see Zhou et al. (2011)).
b Webb et al, 2004.
c Mooij et al, 2007.
d Klockgether et al, 2010.
e The sequence is incorrectly designated as Pf1 prophage and represent a sequence of Pf5 prophage in the UCBPP-14 genome.
f Hill et al, 1991.
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detected more than a third (56% vs. 41%) additional (pro)phages than
the PfUa primers. Furthermore, since the PCR products of PfUb primer
vary in size depending on the phage type, the results provide
additional useful data.
Development of a Pf1 speciﬁc primer pair
Pf1 is the only known Pf1-like phage which cannot integrate
into the bacterial genome, persisting extrachromosomally
(Rakonjac et al., 2011). Because of this, host genome sequences
cannot provide information about the presence of such phages.
Although it was the ﬁrst discovered P. aeruginosa Inovirus, there
are still no data on its prevalence. A speciﬁc Pf1 primer pair was
designed in the present study, targeting a part of the Pf1 speciﬁc
gene for coat A protein.
The Pf1 speciﬁc genetic element was detected in 18% of P. aerug-
inosa strains (Fig. 2(a)) while 13% were detected with both Pf1-speciﬁc
and at least one of the universal primer pairs (Fig. 2(b)). The PCR
product from strain PA-4Uwas sequenced to conﬁrm the reliability and
speciﬁcity of our designed Pf1-speciﬁc primer pair. Using PA-4U DNA as
a template in PCR with primer pair Pf1 a Pf1-speciﬁc product was
obtained. With primer pairs PfUb and PfUa, an unexpected larger size
product (approx. 1250 bp) and a product of expected size were
obtained, respectively. However, in the original Pf1 phage sequence
there is no apparent annealing site for the PfUa-F primer (3 nucleotides
do not match the Pf1 sequence at the 30 end). Sequencing results
conﬁrm that products obtained using PfUa and Pf1 correspond to the
sequence of Pf1, whereas the product of PfUb corresponds to Pf-M18B,
giving product of this size in silico. Another strain, designated as PA-36,
also gave speciﬁc products using the Pf1, PfUa and PfUb primer pairs,
whose sequences corresponded to Pf1 phage. The presence of an
annealing site in these two P. aeruginosa strains for PfUa-F was
probably the result of mutations in the primer target region, again
emphasizing the limitations of this primer pair.
An alternative explanation is that two or more different phages
infected one bacterial cell. The sequencing results, as well as in silico
PCR products obtained with the Pf1 genome, indicate that the
designed Pf1-speciﬁc primer pair is highly reliable. The strains
possessing any universal and Pf1 speciﬁc primer annealing sites are
likely infected with Pf1 phage. As total DNAwas used for this analysis,
there is still the possibility of detection of prophage with a Pf1 speciﬁc
element, obtained through recombination among Pf1 and other Pf1-
like phages. These results suggest a relatively high frequency of the
Pf1 speciﬁc (pro)phage genetic element in P. aeruginosa strains.
Prevalence of Pf4 speciﬁc genetic elements
Bacteriophage Pf4 is the only Pf1-like phage with a conﬁrmed
inﬂuence on P. aeruginosa virulence, and it is a major contributor
to the bioﬁlm life cycle and adaptive behavior of this bacterium
(Rice et al, 2009). Because of this, Pf4 (pro)phage prevalence is also
of particular interest. The highest frequency of speciﬁc genetic
elements was determined for phage Pf4 (22%) (Fig. 2(a)), where
16% of strains were positive for at least one of the universal and
Pf4-speciﬁc primers (Fig. 2(b)). The relatively high percentage of
strains possessing Pf4-speciﬁc genetic element is not surprising
since the target for the forward primer PfUa is a part of the ﬁrst
gene in a morphogenesis module and for the reverse a part of the
integrase gene. This part of the genome is not speciﬁc for Pf4, as
the prophage Pf-M18B from the Pf-LES clade also corresponds in
silico. Using the same Pf4 speciﬁc primer, Mooij et al. (2007)
detected this genetic element in 12% of 84 P. aeruginosa strains.
To check the reliability of the Pf4 speciﬁc primer pair, universal
and Pf4 speciﬁc PCR products were sequenced and compared using
BLAST. The sequences of PCR products of two P. aeruginosa strains,
Aa249 and 4A, were selected since they gave products with both
universal and Pf4-speciﬁc primers. The strain Aa249 gave a large PCR
product with PfUb (approx. 1250 bp) corresponding to the Pf-M18A
sequence, while the PCR product from the second strain corre-
sponded to the Pf4 clade (Table 3). However, the sequences of the
PfUa and Pf4-speciﬁc primer products from both strains better
matched to Pf1-like prophages from other clades (Pf7 and Pf-LES,
respectively). These results indicate that the Pf4 speciﬁc primer is not
very discriminating and that a new primer pair, preferably targeting
the coat A protein, should be designed in order to provide a more
reliable estimate of Pf4 (pro)phage prevalence.
Development of a Pf5 speciﬁc primer
While a Pf5 speciﬁc genetic element was found in 7% of strains
(Fig. 2(a)), only 3% were positive for at least one of the universal
and the Pf5-speciﬁc primers (Fig. 2(b)). The sequences of PCR
products of both universal and Pf5-speciﬁc primers from two
selected strains (9b and OT4) corresponded highly with phages
from the Pf5 clades, indicating both the primer pair reliability and
possible (pro)phage completeness (Table 3).
Prevalence of strains with more than one Pf1-like speciﬁc genetic
element
Some strains possess two Pf1-like speciﬁc genetic elements,
and yield at least one universal primer product (Fig. 2(b)). Genetic
elements of both Pf1 and Pf4 were conﬁrmed in 4% of the strains;
only one strain was positive for the presence of both Pf1 and Pf5
Fig. 1. Sequence relationships of the Pf1-like phage/prophage genomes. Whole
genome phage sequences were clustered hierarchically and are displayed as a
phenogram using the MEGA 6.06 algorithm. Large clades are indicated by colored
branches: green- Pf7 clade (●); blue- Pf4 (△); yellow- Pf5 (◆) and red- Pf-LES (□).
Prophages in strain derivatives of PAO1, PAOH2O and non-LESB58 strains were
excluded from analysis. The numbers at the nodes indicate the bootstrap prob-
abilities of that particular branch (1000 replicates).
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prophage genes, two for Pf4 and Pf5 and one for all three. These
results are not surprising, since the Pf4 and Pf5 have different
integration sites in P. aeruginosa genome. Although strains posses-
sing more than two Pf1-like speciﬁc elements appear to be very
rare, these results indicate that there are hosts in which the (pro)
phage could recombine with other Pf1-like phages, making addi-
tional complications in Pf1-like (pro)phages prevalence and spe-
cies determination.
Are strains containing only both universal Pf1-like elements able to
produce virions?
Since nearly 10% of the strains were positive only for both
universal primers, but not for any speciﬁc primers tested, these
were examined further. This is particularly important since our
results indicate that both a morphogenesis and replicative module
were present, as they are targets for PfUa and PfUb primer pairs,
respectively; in other words, these strains probably contained
intact prophages. For all prophages tested, the in silico PCR
products with both PfUa and PfUb primer pairs gave only pro-
phages from the PA7 and MPAO1 substrains. To examine the
similarity of these potential prophages with known Pf1-like (pro)
phages, PfUa and PfUb PCR products were sequenced and corre-
sponding phylograms were created (Fig. 3). The phylogram con-
structed based on in silico PfUa primer PCR products with available
(pro)phage sequences and on PCR product sequences of seven
selected strains (Fig. 3(a)) clearly show that all seven sequences
are similar to the PA7 strain. The results obtained for the PfUb PCR
products are much more discriminative; according to branching
stability (Fig. 3(b)) all sequences are similar to Pf-PA38182 and
belong to a clade with Pf-MPAO1. When whole genome sequences
are considered (Fig. 1), the prophages of Pf-MPAO1 and PA38182
are from the same main clade designated as Pf7 and give a 569 bp
PCR product with PfUb, in contrast to the prophage of PA7, which
gives a 593 bp product (Table 2). According to the sequences, all
potential prophages belong to the Pf7 clade. The difference in
phylogram branching obtained when products of PfUa and PfUb
primers were used indicates the phages' mosaic relationship.
To examine whether the prophages whose genetic elements
were detected are intact and release from bacterial cells, an
infectivity experiment was performed. After infection with a
supernatant of strain 6A, DNA of strains 20B and 28 contain a
template for PfUa primer, giving a PCR product of expected size
(Fig. 4(c)). Infection by the 4A supernatant did not yield a PCR
product indicating that at least some strains possessing the
universal Pf1-like (pro)phage genetic elements produce infective
virions.
Prevalence of strains with only one Pf1-like genetic element
Among the strains examined in the present study, a number of
strains yielded a PCR product only with one primer couple: PfUa
(3%), PfUb (6%), Pf4 (2%) or Pf5 (2%) (Fig. 2(b)). The results obtained
for PfUa and Pf5 could be a consequence of incomplete prophages
present in the genomes of the examined strains, or mutations in
regions primer annealing. However, these strains could also
Table 3
Sequences alignment for PCR products of universal and speciﬁc primer pairs of selected strains. The product sequences other than expected products of clades are
underlined.
Expected
clade
Strain Obtained best alignment ‘query nt/ subject nt’ (cover/identity) of obtained prophages (upper values) and expected (lower values)
PfUa PfUb Pf1 Pf4 Pf5
Pf7 36 Pf1 316/317 (100/99) Pf1 561/561 (100/100) Pf1 840/841 (99/100) - -
4U PA38128 807/816 (100/99) M18 709/715 (100/99) Pf1 432/432 (100/
100)
- -
None
Pf5 OT4 UBCPP-PA14 692/698 (100/
99)
UBCPP-PA14 529/534 (100/99) - - SCV20265 402/402 (100/
100)
9b UBCPP-PA14 800/807 (100/
99)
UBCPP-PA14 522/522 (100/
100)
- - SCV20265 398/398 (100/
100)
Pf4 Aa249 PA38182 556/558 (100/99) M18B 579/582 (100/99) - B136-33 895/909 (100/98) -
PAO1 553/558 (100/99) None c7447m 887/909 (100/
98)
4A MTB-1 824/831 (100/99) PAO581 525/530 (100/98) - YL84B 603/609 (100/99) -
c7447m 819/831 (100/99) PAO1 601/609 (100/99)
Fig. 2. Frequency of Pf1-like (pro)phage genetic elements in P. aeruginosa strains (n¼241). (a) Frequency of positive strains for corresponding primer pairs; (b) prevalence of
all examined Pf1-like genetic elements per strain.
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contain a new type of prophage, since neither P. aeruginosa strain
gave only these products in silico (Table 2). The high percentage of
strains which give product only with the PfUb primer pair is not
surprising, since phages from the Pf-LES clade, as well as MTB-1
from the Pf7 clade gave only this product in silico. Similarly, our
detection of only a Pf4-speciﬁc genetic element in some strains is
consistent with the fact that one prophage in strain M18 (desig-
nated Pf-M18B) also gave only the same product in silico, but it
was considered questionable by PHAST.
Are strains containing only Pf4 speciﬁc element able to produce
virions?
To conﬁrm whether prophages with only Pf4-speciﬁc Pf1-like
genetic elements are intact and release progeny to the medium, an
infectivity experiment was carried out. Upon infection with Bg
supernatant, Pf4-speciﬁc primers yielded PCR products only for
genomic DNA from strain 20B, which lacks any Pf1-like genetic
element (Fig. 4(c)). This indicates that even phages giving only Pf4-
speciﬁc products, such as Pf-M18B, may be intact and produce
infective phages. The lack of Pf1-like (pro)phage universal pro-
ducts is probably a result of point mutation(s) or the speciﬁcity of
these phages at primer annealing sites, since the experiment
conﬁrmed the existence of modules which are targeted by the
primers.
Conclusions
Based on our results, Pf1-like (pro)phage genetic elements are
highly prevalent among P. aeruginosa strains, since at least one
Pf1-like genetic element was detected in more than 60% of the 241
examined strains. The designed primer pairs PfUb, Pf1 and Pf5 are
reliable for detection of Pf1-like (pro)phages and provide new
insight into Pf1-like (pro)phage prevalence. Taking into account
the high prevalence of Pf1-like (pro)phage genetic elements
among P. aeruginosa, it is of vital importance to further examine
the intactness and biology of these viruses, as well as their
involvement in virulence. This is crucial not only for basic research,
but also for the development of more successful strategies to
prevent the emergence and dissemination of virulence associated
factors among P. aeruginosa strains.
Material and methods
Prophage sequences, clustering and phylogeny
Prophage DNA sequences were obtained from completed
genomes or host insertion sequences available in the NCBI data-
base (Table 2). The majority of Pf1-like prophages were predicted
using the PHAST web server (phast.wishartlab.com/). PHAST
(PHAge Search Tool) is designed to identify, annotate and graphi-
cally display prophage sequences within bacterial genomes or
plasmids. PHAST predicts prophages at three conﬁdence levels:
intact, incomplete, and questionable, mainly based on the fraction
of phage-related genes in a particular contiguous sequence of the
chromosome (Zhou et al., 2011). However, Inovirus genomes are
small, often coding only for 10 or 11 proteins and they lack the
most easily recognizable dsDNA phage ORFs. Predictions of att
sites are also less accurate and thus we determined them by
alignment of sequences in the regions of predicted prophage ends.
These limitations notwithstanding, we consider PHAST to be the
most accurate predictor of Inovirus prophages. Phylogenetic trees
were constructed using MEGA 6.06 (Tamura et al, 2013) based on
ClustalW alignments using the Neighbor-Joining algorithm. All
trees were constructed using a Kimura-2 correction and were
bootstrapped 1000 times to assess branching stability.
Bacterial strains
A total of 241 P. aeruginosa strains were deposited at the Laboratory
of Gene Technology (KU Leuven, Belgium) and Laboratory of Micro-
biology (Faculty of Sciences, University of Novi Sad, Serbia), originating
from various environmental sources and hospital settings (a complete
list of strains is available from the authors). P. aeruginosa strains PAO1,
ΔPf4, UCBPP-PA14, PAK and LESB58 were used as controls. For
infectivity experiments, supernatants of P. aeruginosa strains 6A (an
outpatient nasal strain), 4B (a hospital wound isolate) and Bg
(unknown origin) that possessed corresponding Pf1-like elements were
used to infect strains 12A (an outpatient throat strain), 28 (a strain
Fig. 3. Phylogenetic tree based on PCR product sequences of PfUa (a) and PfUb (b) primer pairs, for seven selected strains which were positive for both of the universal
primers, but negative for any of the speciﬁc primers. Product sequences of 710 bp (for PfUa) and 530 bp (for PfUb primers) were aligned. The corresponding sequences from
main clades were designated in the cladogram by symbols: – Pf7 (●); Pf4 (△); Pf5 (◆) and Pf-LES (□). The numbers at the nodes indicate the bootstrap probabilities of that
particular branch (1000 replicates).
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isolated from a chronic urinary tract infection) and 20B (a hospital
wound isolate), which do not possess Pf1-like elements. Strains were
maintained at 80 1C as glycerol stocks and grown overnight in
Lysogeny broth (LB) medium at 37 oC for experiments.
Detection of Pf1-like (pro)phage genetic elements
The presence of Pf1-like P. aeruginosa (pro)phages was deter-
mined by PCR, based on detection of their genetic elements in
corresponding bacterial cultures. Two pairs of Pf universal (PfUa
and PfUb) and three pairs of Pf speciﬁc primers (Pf1, Pf4, and Pf5)
were used (Table 1). The primers PfUb, Pf5 and Pf1 were designed
based on corresponding sequences obtained from databases, and
are shown in Table 1. PCR was performed using genomic DNA as
template, and primers were added to a standard 25 μl reaction. For
primers Pf1, Pf4 and PfUa, ampliﬁcation was carried out using
multiplex PCR (Fig. 4(b)). Corresponding pairs of PfUb or Pf5
primers were used separately. Thermal cycling conditions for all
primer sets were as follows: an initial cycle of 94 1C for 5 min
followed by 35 cycles of 94 1C for 30 s, annealing at 53 1C for 20 s,
and extension at 72 1C for 60 s, with a ﬁnal 7-min extension at
72 1C. PCR products were analyzed by 1% or 2% agarose gel
electrophoresis and products detected with ethidium bromide.
Because total DNA was required for the above analysis, it is not
possible to determine whether a phage persists in bacterial cells as
prophage or in replicative form; thus the term ‘(pro)phage’ is used
in the present study to reﬂect this ambiguity.
Sequence analysis of PCR products
Excess primers and dNTPs were removed from remaining PCR
products (10 μl) enzymatically. DNA sequencing was performed
using the Big Dye Terminator (BDT) sequencing kit (Applied
Biosystems) with the original PCR primers. Cycle sequencing was
performed using 30 cycles of 95 1C for 10 s, 50 1C for 10 s and 60 1C
for 4 min, and products were puriﬁed using standard sodium
acetate/ethanol precipitation. Puriﬁed products were sequenced
by capillary electrophoresis using an ABI 3130 instrument.
Sequences were analyzed using Sequencher version 5.1 software
(Gene Codes Corporation, Ann Arbor, MI USA). Sequences have
been deposited in GenBank (KM975442-KM975473).
Infectivity experiments
P. aeruginosa strains 6A, 4B and Bg were inoculated in LB and
incubated overnight to obtain any spontaneously-releasing phages.
Supernatants from strains 6A and 4B gave the expected PCR products
with both universal primers, but not with any of the speciﬁc Pf
primers. The strain Bg, yielded a PCR product only with the Pf4-
speciﬁc primer pair. Cultures were centrifuged (10,000 g, 10 min) and
clariﬁed by ﬁltration (0.45 and 0.22 μm). Resulting supernatants
were then treated with PEG 8000 (ﬁnal concentration 10%) and NaCl
(0.5 M). Following overnight precipitation at 4 1C and centrifugation,
the resulting pellets were resuspended in 1/100 of the starting
volume in phage buffer (Sambrook and Russell, 2001). This suspen-
sion was used to infect cultures of several selected P. aeruginosa
strains (12A, 28 and 20B) that did not yield PCR products with the
tested primers. Four hour old cultures were inoculated with the
suspension of potential phages (50:1 v/v) and incubated overnight.
Upon incubation, cultures were transferred at least three times in
liquid LB and ﬁnally transferred to solid medium. After overnight
incubation, the presence of Pf4 primer template was examined by
PCR in the strains infected with Bg supernatant, and the presence of
PfUa template in the strains infected with 6A and 4B supernatants.
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